N. KoBAYASHI, H. NoGAMI and K. DOI effects of the polluted sea water in the fertilization and further development of sea urchin eggs, so that a kind of ranking in marine pollution becomes biologically possible.
Material and method
Anthocidaris crassispina (A. AGASsiz) was the sea urchin experimented with. The fertilization, first cleavage, gastrulation and some anomalies in the development of eggs were checked in each test water. Eggs were obtained by the current KCl-method, washed several times with sea water, and were used as soon as possible, within I hour at the latest. Sperms were obtained from testes within I hour after being taken out of the test. The sperm density for insemination was standardized at about I dry sperm : 1,000 sea water in volume. When it was necessary, the preliminary check of eggs was done to see if the fertilization membrane was elevated in 3 minutes after insemination in over 85% of eggs and if the well synchronized first cleavage occurred in over 80% of them in the control laboratory water.
The collection of water samples in the Coordinate Investigations for Pollution in the Seto-Naikai was made in 16 days from July 20 to August 4, 1971 and about two hundred water samples thus collected were examined by bioassay. The water was drawn up with a plastic bucket from the surface layer or with a plastic reversing water bottle from the bottom layer at every station. The water collected at each station was, then, poured into a cleaned glass milk bottle and had been kept in the stock chest at -20°C and later in the laboratory at 5°C till it was examined.
The bioassay of these water samples by using sea urchin eggs was made in 4 days from August 9 to 12 at the Seto Marine Biological Laboratory. In advance to the bioassay, the specific density of the sample water was measured by a hydrometor and was adjusted in need by adding Jamarin (commercial name for a raw material of artificial sea water) to ca. 1.024 (a 15 ), the density general to the control running sea water of the laboratory. The eggs were inseminated in respective test water within 2-3 minutes as far as possible. Firstly the percent of eggs with the elevated fertilization membrane to the total eggs observed was read. The first cleavage occurred in most cases about 50 minutes after the insemination at 28°C. Then, the rate and state of the first cleavage, namely proportions of undividing cells, normal two cells and multicells caused by polyspermy were checked at some adequate time. Two hundred eggs were fixed with 5% formaldehyde at a time for this examination. Lastly, the state of swimming embryos exclusive of those deposited on the bottom, namely proportions of permanent blastulae, normal gastrulae and abnormal exogastrulae was checked about 12 hours after the insemination. Two hundred embryos were fixed at a time for this check. The test was repeated 3 times on different batches as to the first cleavage, but was made only once as to further developmental stages to check the whole water samples in a limited time with a limited man power. In addition to the biological assay, the following three assays were carried out by other members of the party. 
Results of bioassay
During the field works of the investigations, ten and odd water samples were collected from the surface or bottom layers every day, thus about 200 samples were gathered in total. These samples were divided randomly to be tested at 15 times; and the running sea water of the laboratory was tested repeatedly as a control at every assay. Of the vast results thus obtained, those of35 samples representing typically respective regions of the Inland Sea of Japan are described in detail in this paper, togather with the results of 2 control tests of the laboratory water.
The descriptions are made in 12 divisions separated from one another regionally.
Osaka Bay
Sample No. 20-2, from off Kobe Harbour. The effect of the bottom water upon eggs was great; the rate of fertilization was very low and the first cleavage did not occur completely. Big amounts of Zn and Ph were contained in the bottom mud and the benthos was represented by only a few polychaetes. This station seems to be heavily polluted.
The Sea of Harima
Sample No. 20-6, from the estuary of the River Ichi. The surface water affected the fertilization considerably and the first cleavage somewhat differently; unfortunately further development was not checked. The bottom water inhibited the both processes much more heavily. The water showed a high value of COD and the bottom mud contained a high level of Zn, Cr and Ph. The benthos was represented by scarce polychaetes. Sample No. 21-4, from the Cove of I wami. The water from either of the surface and bottom layers did not show any significant inhibition to the fertilization, first cleavage and gastrulation, though these were slightly suppressed by bottom water. The value of COD was a little higher in the lower layer. The benthos consisted of abundant polychaetes. The results may indicate a clean state of the water at this station. Sample No. 21-9, from the entrance to Kojima Bay. The surface water affected considerably earlier stages of the development, though the later the less effective. On the other hand, the bottom water was a little less effective. The COD value was much higher in the surface than in the bottom layer; the mud contained a big amount of Zn, the benthos, however, consisted of abundant crustaceans. Sample No. 3-1, from the southern part of the sea. The bottom water allowed the normal fertilization, cleavage and gastrulation. The COD value was very low, but the benthic biomass was not so big. Sample No. 31~6, from off Niugawa. The bottom water allowed the fertilization nearly wholly, but the rate of regular first cleavage was somewhat lowered in it by significant appearance of polyspermic cleavage, and further the gastrulation was almost inhibited or delayed, a significant number of exogastrulae being observed. The COD value was low, but no benthic animals were observed. Sample No. 1~3, from off Iyo-Mishima. The surface water inhibited the fertilization considerably and the first cleavage nearly completely. On the other hand, the bottom water allowed the regular fertilization, cleavage and gastrulation. The COD value was much higher in the surface than in the bottom layer. The mud contained a considerable amount of Zn and no benthos on the floor. Sample No. 1~6, from off Toyohama. The bottom water more or less inhibited the fertilization and much more strongly the first cleavage, with a significant occurrence of polyspermic cleavage; the gastrulation went on rather well but was more or less delayed. The COD value was low. The benthos consisted mainly of polychaetes.
Sample No. 1-12, from off Kawanoe. The bottom water hardly inhibited the fertilization, but very significantly the first cleavage, so that about a half of eggs remained in the one-cell state. However, the gastrulation went on rather regularly. The COD value was low. The bottom mud contained a big amount of Zn and the benthos consisted mainly of many bivalves.
6. The waters around the Geiyo Islands.
Sample No. 24-2, from off Mihara. In the bottom water the rate of successful fertilization dropped to 50%, the first cleavage was more affected, and the gastrulation was inhibited much more strongly, but the COD value was not so high. The bottom mud contained large amounts of Zn and Ph, and the benthos consisted of a small number of polychaetes. Sample No. 24-5, from off Chigirijima Isle. The surface water inhibited very significantly the fertilization and first cleavage. The gastrulation was affected as heavilf in it, as about one quarter of embryos showed an exogastrulation and some delay of development. The bottom water, however, hardly arrested these processes. The COD value was higher in the surface than in the bottom layer, though the values were rather low. The benthos was scarce.
The Sound of Aki.
Sample No. 25-2, from off Kure. The bottom water more or less inhibited the fertilization and first cleavage, and almost arrested the gastrulation. The bottom mud contained great amounts of Zn and Ph, however, the benthic biomass was very large, consisting mainly of polychaetes. Sample No. 25-8, from off Otake. The water from either of surface and bottom layers arrested more or less the fertilization, and the bottom water inhibited the first cleavage more strongly than the surface water, but further development went on rather regularly. The COD value was very high in the surface water. The bottom mud contained a surprisingly great amount of Zn and no aminals were found in it.
The Sea of I yo.
Sample No. 30-5, from off Matsuyama. In the bottom water, the fertilization was done successfully in over a half of eggs, but the first cleavage occurred in less than a half of them. The gastrulation was inhibited a little less than earlier stages. The COD value was low. The bottom mud contained large amounts of Zn and Cu, and some benthic animals mainly consisting of polychaetes.
The Sea of Suo.
Sample No. 26-9, from Mitaziri Bay. The surface water inhibited both the fertilization and first cleavage, almost wholly the former and completely the latter. In the bottom water the fertilization proceeded nearly normally, but the rate of the first cleavage decreased significantly, though the inhibition of gastrulation became much less. The COD value was very high in both water layers, especially it was enormously higher in the surface water. The bottom mud contained a very large amount of Zn and con-siderable amounts of Pb and Cu. The benthos was quite absent. Sample No. 27-1, from off Ube. The surface water suppressed the fertilization by a little less than 50% of eggs and arrested the first cleavage by more than 50%; some occurrences of polyspermic cleavage were noted. The gastrulation went on almost regularly, but delayed significantly. On the other hand, the bottom water allowed the normal fertilization, but it decreased the rate of the first cleavage and gastrulation, especially remarkably the latter. The COD value was low, but a little higher in the surface than in the bottom layer. The bottom mud contained a big amount of Zn, but no living animals.
Beppu Bay.
Sample No. 29-5, from off Tsurusaki. The bottom water scarcely arrested the fertilization, but somewhat inhibited the first cleavage, inducing significantly the polyspermic cleavage. The deformed gastrulation was noted. The COD value was low. The bottom mud contained a large amount of Zn and the benthos consisted of many polychaetes.
The Bungo Channel.
Sample No. 29-6, from off Saganoseki. The bottom water allowed the regular fertilization and first cleavage, but somewhat arrested the gastrulation. The COD value was low. The bottom mud contained very large amounts of Zn, Pb, Cr, Ni and also a significant amount of Cu, but a small number of benthic crustaceans were found on the floor.
The Kii Channel.
Sample No. 3-4, from off Komatsujima, rough water. The fertilization, first cleavage and gastrulation proceeded almost normally in the bottom water. The COD value was very low, though the bottom mud contained large amounts of Zn and Ni; the benthos was scarce.
Control.
Sample Nos. C-9, 10, the runninng sea water of the laboratory. In the surface water near the Seto Marine Biological Laboratory the fertilization, first cleavage and gastrulation proceeded quite normally.
Considerations
During the Coordinate Investigations for Pollution m the Seto-Naikai, the sample water was treated chemically only to sec the COD, chemical oxygen demand. Generally the COD value was higher in the surface than in the bottom layer. The water with very high COD values actually inhibited strongly the fertilization, first cleavage and gastrulation. In the water with lesser COD values, however, the inhibitory degree was never correlated with the COD value, as seen throughout the results. Some water samples with lower COD values recorded very strong inhibitory effects on the fertilization, first cleavage and gastrulation, while some others with relatively higher COD values allowed rather regular fertilization and further development. Therefore, except for water samples with much higher COD values, it is hardly possible to guess the degree of inhibitory effects on the fertilization and further development by COD value of the water tested. Much more data will be needed to see how the COD value is reflected on the biological phenomena mentioned above.
As seen clearly in Table I , respective water samples affected differently at different developmental stages; some allowed the fertilization nearly wholly, but arrested very significantly the first cleavage, while some others inhibited strongly the fertilization, but the first cleavage and further development of fertilized eggs went on in a much less affected state. This must be attributed to differences in the nature and amount of pollutants. It is very regrettable that no other data else than COD were available as to the chemical nature of the water. So far as the very limited data are concerned, the amount of heavy metals deposited in the bottom mud seems to be correlated with the induction of permanent blastula or exogastrula as it was observed for instances in areas around metal refinary works at Chigirijima and Saganoseki. However, we are not sure whether or not the elements in the water, which brought about such biological effects, were the same as those heavy metals, listed here, deposited in the bottom mud.
The benthic faunas at surveyed stations consisted in most cases mainly of polychaetes. And the size of benthic biomass seemed to be more or less correlated with the degree of inhibitory effects at least in the bottom water. In this case, however, it must be kept in our mind that the nature and amount of benthos will differ much with the nature of sediments, inclusive of grain size and water flow near the bottom.
It is needless to mention that there are some gaps between the surface water and the bottom water very near the floor, in the degree, time of the strongest effect, and the mode of effects. But, if it is generally accepted in such shallow places as the observed stations in the Inland Sea that the pollution in the surface water will be reflected in the benthos, the benthic fauna must be regarded as the result of synthetic and accumulated effects of pollutants in a long term at least equivalent to the life span of constituent animals. In a way, the benthos may be accepted as an indicator of the chronic injuries by pollutants. In contrast with this, the bioassay by the earlier developmental stages of sea urchin eggs will be significant only as a judgement for the acute injuries ·by pollutants. Then, it is possible that the effects of any pollutants which will work very weakly and slowly, but so steadily as to bring animals to death ultimately, might not be noticed in the present bioassay. The effects of any pollutants which will affect the physiological processes appearing only in animal structures of very high organization, might not be noticed in this way, either.
When OKUBO and OKUBO (1962) proposed the use of developing eggs and embryos of sea urchins and bivalves as indicator organisms for the sea water pollution, they cleared that the maximal concentrations of some pollutants ineffective to induce any morphological anomalies in them were seemingly directly equal to the safety level ' "'
.. _., " .. (48 hrs. TLmxO.l) of the pollutant concentration for littoral fishes. WoELKE (1967) , who recommended the toxicity measurement of water quality with the bioassay using embryos of Pacific oyster, warns us to be very cautious to extend the results obtained using some animal to other orgaisms, but at the same time he is expecting that some parallelism will be seen between the results obtained by using very different organisms. We never think that the results of the bioassay using the earlier developmental stages of sea urchin eggs are applicable to every other organism and to every kind of pollutant. However, the results obtained by this method (KoBAYASHI 1971) agree almost to those given by OKUBO and OKUBO. Then, the present simple method may be significant to some extent to show in a limited time the general tendency of biological effects of sea water pollution in such a wide area as the Inland Sea.
Theoretically, there must . .be some questions to compare the polluted water samples of different natures with one another all at the same level. But, at the same time, it is quite evident that some general comparison of the biological effects between these samples can be allowed in some ways. At present, it must be the most important problem how the different effects are classified and then ranked. And a quite arbitrary ranking is proposed here tentatively as seen in Table 2 . Respective water samples were checked by the rate and degree of the fertilization, first cleavage, gastrulation and such abnormalities as polyspermic cleavage, permanent blastula, exogastrula, stop of development in earlier stages, delay of development, and any kind of deformations, and were graded into the violently (5), strongly (4), moderately (3) and weakly (2) inhibitory sea water and the non-inhibitory ordinary ( 1) sea water. The least rate of respective normal developmental processes to define the (5) violently inhibitory water is set at 50% as ID50 (inhibitory degree 50%) somewhat comparable to LD50 (lethal dose 50%). Ranking of grades 4 to 1 is made quite arbitrary at every 10 to 15% of the rate of respective developmental processes and states, excepting the cases of polyspermic cleavage and exogastrula, which occurred rather infrequently and then it needs a quite special standard to make ranking of the frequency of occurrence of these anomalies. The inhibitory degree at the fertilization, first cleavage and gastrulation is generally judged respectively on the lowest (for normal processes) or the highest (for abnormal states) observed rate of their occurrences, of course some exceptionally low or high rates are excluded. And lastly, the inhibitory degree throughout the whole early developmental stages is settled by the heaviest effect in any of these stages, as this will decide the rate of survival. Text-figures 1-4 show the results of ranking tentatively done in the above mentioned way, fig. 1 for the inhibitory degree at the fertilization, fig. 2 at the first cleavage, fig. 3 at the gastrulation, and fig. 4 for the general inhibitory degree throughout the three stages checked. At these figures, it will be seen at a moment how the sea water in Osaka Bay, for instances, is polluted heavily as compared with the running sea water of the Seto Marine Biological Laboratory.
Throughout the whole examinations, it seems that the natural unpolluted state of the water is better conserved in the bottom layer. Therefore, in future, it is urged to make clear the relationship between the inhibitory effects and the pollutants in the surface water at respective stations by close chemical analyses of the water and also by improvements of the method of bioassay itself.
We wish to express our hearty thanks to the staff of the Seto Marine Biological Laboratory for a fund and the facilities given to us in carrying out the reseaches at the laboratory, particularly to Dr. Takashi ToKIOKA for his kind advices and criticism. Our deep gratitude is due to the members of the Coordinate Investigations for Pollution in the Seto-Naikai, who helped us obtain water samples and permitted us to refer to some of the results of their researches in advance to publication. Summary 1. A series of bioassays were made to examine the inhibitory degree of the polluted sea water in the Inland Sea of Japan upon the fertilization and further development of sea urchin eggs, as a part of Coordinate Investigations for Pollution in the Seto-Naikai, July 20 to August 4, 1971 . The water samples were tested at the Seto Marine Biological Laboratory in 4 days from August 9 to 12.
2. The indicatory stages and states were the fertilization, first cleavage, gastrulation and such anomalies as polyspermic cleavage, permanent blastula and exogastrula.
3. The inhibitory effects on the fertilization, first cleavage and gastrulation were not regularly correlated with the COD values; a positive relation was seen only at very higher values of COD.
4. The relation between heavy metals in the bottom mud and inhibitory effects of the bottom water might be possible, as the induction of permanent blastula or exogastrula was noted in areas around metal refinary works at Chigirijima and Saganoseki.
5. The benthic fauna in surveyed areas in the Inland Sea of Japan consists in most cases mainly of polychaetes. Some relation between the benthos and inhibitory effects can be thought of.
6. The results of bioassay by sea urchin eggs may be taken as an expression of some direct effects (acute injuries) of the sea water tested, while the benthos as a reflection of the sea condition in a long term (chronic i~uries).
7. The ranking of inhibitory degrees of polluted water samples upon the fertilization and further development of sea urchin eggs is proposed tentatively as seen m Table 2 . Table 2 . Tentative ranking of inhibitory degrees of the polluted sea water upon the fertilization and further development of sea urchin eggs. 
